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I. INTRODUCTION 
The op t i ca l  properties of magnetic materials have been studied with 
renewed in t e re s t  during the  past  year. This has been due, i n  par t ,  t o  
the ident i f ica t ion  of exciton-magnon absorption (spin wave sidebands) 
i n  the  v i s ib l e  spectrum of MnF2,1 and two magnon absorption i n  the  
infrared spectrum of FeF 
v i s ib l e  absorption and fluorescence properties of antiferromagnetic 
I n  t h i s  paper we discuss some of the 2 2 .  
MnF2 a 
the  ground ( 6Alg) and f i r s t  [4111g~~)] excited s t a t e s  of the  manga- 
In par t icu lar  we consider only the sharp t r ans i t i ons  involving 
nese ion. 
Our experiments indicate tha t  the  absorption spectrum i s  an i n t r i n s i c  
property of the pure crystal ,  whereas the  fluorescence is  caused by i m -  
pu r i t i e s ,  Therefore, we consider these separately.  We t r e a t  the  absorp- 
t i on  i n  terms of excitons and magnons. From the  symmetry of the  excitons 
and magnons, group theore t ica l  select ion 
sidebands. An expl ic i t  treatment of t he  in te rac t ion  yields  the same 
select ion ru les  and shows that the  exciton and magnon a r e  generated on 
opposite subla t t ices .  The emission i s  discussed from a single-ion view- 
point.  
of the  emission spectrum. 
r e su l t  from an excited s t a t e  and magnon on the  same sublat t ice .  
ru les  can be found f o r  the  magnon 
A simple model i s  discussed which describes the  general properties 
In  t h i s  case it i s  found t h a t  the  sidebands 
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11. ABSORPTION 
Since the  absorption spectrum i s  a property of the  pure c rys ta l ,  
any theory we use t o  describe it should t r e a t  the excited s t a t e s  of t he  
c rys t a l  as excitons. We have done t h i s  using the theory developed f o r  
excitons i n  molecular c rys ta l s .  The d e t a i l s  of t h i s  formalism have been 
published elsewhere;3 here we wish t o  present only a few of the most 
pertinent r e su l t s  .,
I n  general, two character is t ics  of excitons a re  important, They 
couple ions a t  d i f fe ren t  s i t e s  i n  the  unit  c e l l ,  and they have an energy 
and symmetry which depend on t h e i r  wave vector k I n  MnF2 there  
a re  two s i t e s  (one on each subla t t ice)  per unit  c e l l  which a re  degenerate 
i n  the absence of external  perturbations. One might assume t h a t  i n t e r -  
sublat t ice  coupling w i l l  l i f t  t h i s  degeneracy (Davydov s p l i t t i n g )  
ever , since the t rans i t ions  a re  spin forbidden t h i s  coupling i s  much 
smaller than the in t rasubla t t ice  coupling and no Davydov s p l i t t i n g  i s  
expected. This i s  confirmed experimentally. This small coupling a l so  
allows the pure electronic  t rans i t ions  
usual single-ion model. 
The sidebands cannot be described by a single-ion model since they 
How- 
(& = 0 )  t o  be t rea ted  by the 
correspond t o  the  exci ta t ion of an exciton and magnon with nonzero 
Thus the  dispersion and symmetry of t he  excitons w i l l  be important. 
sideband absorption i s  proportional t o  the  mignon-exciton density of 
s t a t e s  weighted by the  square of a wave-vector dependent interact ion 
The 
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matrix element. 
density of s t a t e s  i s  shown i n  Fig. 1. 
re fe r  t o  the  symmetry points of the Bril louin zone ( i l l u s t r a t e d  i n  the  
left-hand corner). 
various points i n  the  Bri l louin zone w i l l  determine which c r i t i c a l  
points a re  ac tua l ly  allowed by t%e weighting factor .  
ru les  can be found group theoret ical ly ,  qui te  independent of the  p a r t i -  
cular interact ion responsible fo r  the  sideband process. 
The high-frequency portion of the unweighted magnon 
The c r i t i c a l  points indicated 
The symmetry of t he  excitons and magnons at  the  
These select ion 
We consider the t r ans i t i on  matrix element 
where the  f i n a l  s t a t e  has an  exciton and magnon on opposite sublat t ices .  
We s h a l l  show l a t e r  t ha t  t h i s  i s  the only type of exciton-magnon f i n a l  
s t a t e  which can contribute t o  a sideband absorption. 
effect ive dipole moment which allows the  t r ans i t i on  and: 
ground s t a t e .  From the  work of Dimmock and Wheeler we f ind  tha t  fo r  
Here 2 eff i s  the  
IC;) i s  the c rys ta l  
4 
the  magnetic space group P the magnons transform l i k e  the irreducible nnm 
t ransf  orm representations I? + F4 . The x , y , z components of 
l i ke  r; , ri and I?; 
magnetic dipole and appears i n  n [A 1 c ) polarization. This implies 
that the exciton transforms l i k e  Sz or t he  I?* i r reducible  represen- 
t a t ion .  The i r reducible  representations a t  other points i n  the  Bril louin 
+ +  peff 
3 
, respectively.  The pure exciton t r ans i t i on  i s  
mag + 
zone must be compatible with these.  From the compatibility tab les  and 
the transformation properties of the  excitons and magnons we f ind t h a t  
the magnon transforms l i k e  X2 , 6 , Mb , A2 + 4- and the  exciton Z2 R1 
-_  3 - 
transforms l i k e  X1 , < , 4 , A1 
transformation properties it i s  a simple matter t o  apply the  prescr ipt ion 
of Lax and Hopfield.5 We f ind  that i n  35 polarization only the  X 
c r i t i c a l  point contributes and i n  u polarization only Z and A 
contribute. This can be compared with the two-magnon absorption where 
A contributes t o  x and X t o  u p ~ l a r i z a t i o n . ~  These r e su l t s  a r e  i n  
reasonable agreement with experiment a However, since the  exciton i s  
derived from the  complex 4’I! 
persion i s  not known, the  prof i les  of the sidebands cannot be f i t  quantf- 
Z1 Rl . Once we know these 
6 
1 
single  ion s t a t e  and i t s  detai led d i s -  
I g  
t a t ive ly .  I n  par t icu lar ,  j u s t  as i n  the two-magnon case, the I( spectrum 
appears somewhat broadened and sh i f ted  i n  frequency. This may be due t o  
the  fac t  t h a t  the  interact ion may extend beyond nearest neighbors or  it 
may r e f l e c t  the presence of phonons. 
To ac tua l ly  f ind  the  t r ans i t i on  moment which has the above properties 
it i s  necessary t o  consider a par t icu lar  form fo r  t he  interact ion.  Two 
theories have been proposed. For MnF2 the  theory of Tanabe, Moriya, 
and Sugano seems t o  be experimentally confirmed. They consider a second- 
2,8 
a 
order process involving nondiagonal exchange which can be wri t ten as 
Here IF) i s  the  f i n a l  exciton-magnon s t a t e ,  IU) i s  an odd intermediate 
s ta te ,  V i s  the  sum of a l l  t he  two-ion interact ions,  and P i s  the t o t a l  
Nn 
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e l e c t r i c  dipole moment. 
functions, we can reduce this moment t o  the form 
By using appropriate exciton and magnon wave 
In these expressions le) , lg) and Im) a re  single-ion wave functions; 
gol i s  the  ground s t a t e  of an ion a t  the  Oth s i t e  on one subla t t ice ,  
e 
Ms = 3/2 
i s  the  e f fec t ive  dipole nth 
moment connecting ions 01 and n2 and r e s u l t s  from a combination of 
i s  the  excited 14~1,3/2) s t a t e  at the  same s i t e  and mn2 i s  a 01 
spin s t a t e  of t he  ground state multiplet  f o r  an ion a t  the  
Pef f 
41, n2 s i t e  on t h e  opposite sublat t ice;  
V and P terms of Eq. (2);  t&,l,n2 i s  the  vector from s i t e  01 t o  
n2 , and 63 i s  a permutation operator which leads t o  both d i r ec t  and 
exchange terms a 
By considering the  symmetry of this e f fec t ive  dipole moment under 
a l l  t he  operations of t he  magnetic space group, and including only con- 
t r ibu t ions  from the  eight near neighbor pa i r s ,  the  components of Eq. (3) 
can be wri t ten as 
- 5 -  
$4 L A ,  
(x + y )  and 7 = - (y - x )  . Equations (4 )  a r e  f o r  where 5 = - 
an  exciton on one sublat t ice .  For an exciton on t h e  other subla t t ice  
the roles  of M* and Mq are  reversed. This ra ther  unusual type of 
coupling i s  observed for  t he  
the  $ and 
gives the sglection rules  predicted by group theory as it must. 
G fl 
(T sidebands when s t r e s s  i s  applied along 
axes ([llOl direction). '  We see that the  form of Eq. ( 4 )  
By considering the  in te rac t ion  exp l i c i t l y  we have gained some addi- 
t i o n a l  information. We can show tha t  only exchange terms contribute t o  
the  process and t h a t  the exciton and magnon must be on opposite subla t t ices .  
We can see t h i s  by considering the spin par t  of Eq. (3): 
+ 3/2 - 3/2 + 5 / 2  - 5/2 
eff  Since i s  spin independent, spin orthogonality w i l l  only allow the  
exchange term ( the dotted l i n e  schematically indicates t he  two eleelcons 
t o  be interchanged). The Sz components indicated below the  matrix 
element show tha t  the  t o t a l  
t r a m i t i o n .  
w i l l  not allow d i rec t  or exchange terms when the exciton and magnon a re  on 
the same sublat t ice .  In  t h i s  case A S  = 2 f o r  t he  system. This would 
require higher order processes. 
Sz 
of the  system i s  conserved i n  the  
It can a l so  be seen from Eq. (3) tha t  spin orthogonality 
Z 
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111. FLUORESCENCE 
The sharp l i n e  fluorescence i n  MnF2 at  4.2'K is  Shown i n  Fig. 2. 
We dis t inguish two regions (A 
The l ines  within each region have similar properties.  We have discussed 
some features of the  emission previously 
and 6E a re  most l i k e l y  pure electronic  t rans i t ions .  Lines 3E and 83 
have properties which suggest they a re  magnon sidebands of 1E and 6E 
We a lso  b r i e f l y  discussed the  r e su l t s  of fluorescent l i fe t ime s tudies .  
In t h i s  section we present the  r e su l t s  of addi t ional  studies as well as 
more de t a i l s  on the  l i fe t ime work. 
explains many of the  gross features  of the emission. The experimental 
r e su l t s  which led t o  t h i s  model w i l l  be discussed f i r s t .  
and B )  because of t h e i r  d i f fe ren t  properties.  
and have shown that l i nes  
11 
A simple model i s  proposed which 
The sharp l i n e s  appear t o  be caused by impurities. The evidence f o r  
this i s  based on a study of many nomiiially pure samples obtained from f ive  
different  c rys t a l  growing f a c i l i t i e s  a We f ind  t h a t  the r e l a t ive  in tens i ty  
of the l i nes  var ies  from sample t o  sample and tha t  extra  l i nes  appear i n  
some of the samples. These a re  indicated by the  dashed l i n e s  i n  Fig. 2. 
The same ext ra  l i nes  a l s o  appear i n  the  fluorescent spectrum of zinc doped 
MnF2 
t r a t i o n  increases the  extra  l i nes  appear and soon dominate the  spectrum. 
Similar impurity dependent fluorescence has been observed by Dietz e t  a l . ,  
i n  both MnF2 
shown qual i ta t ive ly  i n  Fig. 3. We see t h a t  as the  zinc concen- 
13 and other mgnet ic  crystals .  12 
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The fluorescence a l so  exhibi ts  a somewhat anomolous temperature 
dependent in tens i ty  and l i fe t ime.  Region A decreases i n  in tens i ty  
(as the  temperature increases) and disappears around l O o K  . Region 
B f irst  increases i n  in t ens i ty  and then disappears around 35 K. The 
integrated in tens i ty  of the  fluorescence (including the  broad band to the 
red of the  sharp l i nes  i n  Fig. 2 )  decreases abruptly between 
lOoK 
has the exponential form 
0 
4OK and 
. The l i fe t ime of a l l  t he  l i nes  studied (lE , 23 , 33 , 6E , 8E) 
-4kT - C e  1 - -  
7 
For l i nes  lE and 3E A i s  76 k 5 em-' a Line 2E has the  same 
l i fe t ime behavior as lE above 5 O K  but has a d i f fe ren t  behavior below 
5 O K  Lines 6E and 83 were d i f f i c u l t  t o  analyze because of back- 
ground fluorescence and we can ohly estimate t h a t  A i s  somewhere between 
-1 
200 and 350 em . A s  the  l i fe t ime becomes shorter,  t he  fluorescent 
in tens i ty  decreases i n  a similar manner. T h i s  i s  not surprising since 
they both depend on the population of t he  fluorescing leve l .  
The fluorescence w a s  a l so  studied with uniaxial  s t r e s s  applied along 
the  [0011 and [1101 direct ions.  Stress  along [OOlI s h i f t s  a l l  the 
l i n e s  l inear ly  to the red by the same amount ( 
of 800 kg/cm ). The s h i f t  i s  the  same as tha t  exhibited by the absorp- 
t i o n  l i ne  E l  as was  pointed out by Dietz e t  a l .  Stress  along [llO] 
l i f t s  the subla t t ice  degeneracy and as expected a l l  the  l i n e s  s p l i t  i n t o  
two components. The l i nes  23 , 3E , 73 and 83 have one component 
-1 10 k 1 em for  a s t r e s s  
2 
1 4  
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appear with e l[OOl] & 11 [ 1101 The other component appears with 
15 l[OOl] 
5 polarized absorption sidebands In  addition in tens i ty  changes of 
the l i nes  with stress a re  observed but these w i l l  not be discussed here. 
rm 
15 1 S , k ]I [OOl] A s imilar  behavior w a s  observed f o r  the - I*. 
The model which we propose t o  explain these r e su l t s  i s  i l l u s t r a t e d  
I n  essence we assume the fluorescence or iginates  schematically i n  Fig. 4. 
from manganese ions i n  local ized s i t e s  whose energy leve ls  l i e  below the  
exciton absorption l i n e  E l  Ions i n  these leve ls  may be thermally 
activated t o  the exciton band from which the energy i s  e i the r  non- 
radiat ively quenched or  t ransferred t o  other lower energy impurity leve ls  
which can fluoresce. 
environment has been changed by an impurity o r  other  defect such that 
the E l  exciton becomes trapped a t  a par t icu lar  s i t e .  This model i s  
supported by the recent experiments of Johnson, Dietz and Guggenheim, 
The emitting ions a re  probably those whose local 
15 
They have shown that the E l  exciton can e f f i c i en t ly  t ransfer  energy t o  
lower lying W2+ leve ls  even f o r  N i p +  concentrations a s  low as 15 ppm. 
O w  in tens i ty  r e s u l t s  indicate  there i s  a l so  t ransfer  t o  the system 
causing l i n e  6E 
The l i fe t ime behavior i s  eas i ly  explained by t h i s  model. For 
instance l eve l  lE w i l l  have both a radiat ive and nonradiative contr i -  
bution t o  the observed l i fe t ime,  
1 1 1 
+ -  
a 
- - -  
P 
R 8% T T 
For a n  act ivat ion type process we expect ( for  kT < A ) 
where A i s  the  difference i n  energy between 1E and E l  This i s  
j u s t  what we observe as i s  shown i n  Fig. 5 .  
( 35 k 1 msec 
The l i fe t ime at 1.8’K 
) i s  taken t o  be the temperature independent radiat ive 
l ifetime. 
Although the  broad features  of t h e  fluorescence a re  explained by t h i s  
model the exact nature and or ig in  of a l l  the  l i nes  i s  s t i l l  not absolutely 
determined. The ident i f ica t ion  of U and 6E as pure t rans i t ions  i s  
qui te  convincing. Both l i nes  show some magnetic dipole character and 
s p l i t  l i ke  El i n  an external  magnetic f i e l d ,  The l$nes 2E , 3E , 7s 
and 83 have properties which suggest they a re  magnon sidebands, Since 
the  emission appears t o  be a localized impurity induced phenomena, the  
excited s t a t e s  w i l l  have no dispersion. Therefore, the  shape and posit ion 
of the  sidebands should follow only the magnon density of s t a t e s  (Fig. 1). 
Lines 7~ and 8E have this shape and can be associated with the  two 
c r i t i c a l  points i n  the  density of s t a t e s .  Line 33 has the appropriate 
shape but i t s  separation from Z(46 em-’) or OE(72 em-’) does not 
correspond t o  any c r i t i c a l  point. It i s  possible t h a t  ~343 i s  associated 
with a loca l  magnon mode. The l i ne  2E may be a mode of t h i s  type with 
OE as i ts  associated pure t r ans i t i on .  The s t r e s s  r e su l t s  a l so  suggest 
tha t  2E , 33 , 73 and 83 a re  magnon sidebands. Their behavior under 
Ell01 s t r e s s  can be shown t o  be a general charac te r i s t ic  of IS side- 
bands associated with the  4T1 l eve l .  3 
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Now w h a t  can be sa id  about magnon sidebands i n  fluorescence? We 
expect the sideband select ion ru les  t o  be less r e s t r i c t i v e  than i n  
absorption since the l o c a l  s i t e  symmetry of the  emitt ing ion i s  the 
controll ing fac tor .  I n  pr inciple  the  selectiion ru les  can be found by 
the methods employed for analyzing the  vibronic spectra of impurity ions 
i n  crystals.16 Unfortunately t h i s  requires a knowledge of the s i t e  
symmetry and at present t h i s  i s  not known. 
We can, however, obtain some information from the formalism developed 
for absorption. 
the  same way by using a localized excited s t a t e  wave function. 
i t i o n  moment then has the  form 
I n  par t icu lar  t h e  interact ion can be t rea ted  i n  exactly 
The t rans-  
n = l  
A s  i n  absorption we consider j u s t  the spin par t s  of the matrix elemen-k 
Here 
the  excited s t a t e  and magnon on the - same subla t t ice .  Both d i rec t  and 
exchange terms are  s m a l l  f o r  t he  excited s t a t e  and magnon on opposite 
sublat t ices .  
we see by spin orthogonality t h a t  the  exchange term contributes f o r  
This simple fac t  explains the previously puzzling r e su l t  
- 11 - 
that the  magnon sidebands do not s p l i t  i n  a 
f i e l d .  
s p l i t  i n  external  f i e l d s  up t o  the  c r i t i c a l  f i e l d  (95 kOe) . The 
explanation for t h i s  i s  analogous t o  t h e  one given for  the  absorption 
sidebands e 
10 kOe external  mgnet ic  
In  f ac t ,  I~nbusch’~ has recently shown that the  sidebands do not 
10 
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FIGURE CAPTIONS 
1. Bril louin zone and relevant portion of magnon density of s t a t e s  i n  
MnF2 . The density of s t a t e s  i s  based on the  magnon dispersion used 
-1 i n  Ref. 7 using exchange and anisotropy constants 
J2 =-1.22 ern , J3 = 0 , and HA = 0.737 em . 
J1 = 0.22 em , 
-1 -1 
6 2. Sharp l i n e  s t ruc ture  of 4T + A Mn2+ fluorescence i n  MnF2 
l g  
a t  4.2OK . Dashed l ines  appear i n  some of the  samples studied. 
Solid l i nes  appear i n  a l l  of the samples. 
2+ 3. Sharp l i n e  Mn fluorescence observed i n  region A f o r  various 
2+ 
Zn doped MnF2 samples. Extra l i nes  which appear as Zn con- 
centration increases a re  indicated by arrows. These l ines  correspond 
t o  the dashed l ines  i n  Fig. 2. 
4. Schematic representation of a model which explains gross features 
of the  fluorescence. (See t e x t .  ) 
5 .  Fluorescent l i fe t ime of l i nes  i n  region A as a function of inverse 
temperature. The corrected l i fe t ime i s  T (see t e x t ) .  m 
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FLUORESCENT DECAY 
IN REGION A 
S A M P L E  A 
C3.2 .28  x IO8 sec-' . .  
CORRECTED L I F E ~ I  
INVERSE TEMPERATURE ( O K )  
FIGURE 5 
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